Introduction {#Sec1}
============

Mercury and pesticides are present in all elements of the terrestrial and marine environment. Organochlorine compounds created by humans are durable and resilient to biodegradation, demonstrate durability during photodegradation and, when used as pesticides, exhibit toxic properties as a direct result. However, what is very useful in fighting pests in crops has a negative impact on other animals and people (Ebadi et al. [@CR8]; Mineau [@CR20]; Schwarzbach et al. [@CR29]; El-Mekkawi et al. [@CR9]). Mercury, which comes from both natural and anthropogenic sources, also possesses toxic qualities. Circulating in the lithosphere, atmosphere, hydrosphere and biosphere, mercury undergoes transformations. As a result of reduction, it changes into its volatile atomic form and, through methylation, to its most toxic organic form. In the atmosphere, mercury and pesticides can be transported over short and long distances by the wind or with migrating birds (Falandysz et al. [@CR10]; Blais et al. [@CR1]).

The presence of xenobiotics in water ecosystems is dangerous, due to their durability and their bioaccumulative properties, and poses threats to the health and life of organisms on the highest trophic level. The presence of mercury and deposits of organochlorine pesticides have been determined in fish, mammal and aquatic bird species of the Baltics (Sapota [@CR28]; Szefer et al. [@CR31]; Polak-Juszczak [@CR24]; HELCOM [@CR16]).

Despite numerous studies, little is known about the circulation and transport of xenobiotics with water birds, even in terms of the largest flow at the highest trophic level. The aim of the research was an assessment of the influence of diet on the level of accumulation and detoxification in birds concerning mercury and chlorinated pesticides (aldrin, dieldrin, endrin, isodrin, α- and β-endosulfan isomers, endosulfan sulfate, methoxychlor (2,2-bis(p-methoxyphenyl)-1,1,1-trichloroethane), pp'-dichlorodiphenyltrichloroethane (DDT) isomer and its metabolites pp'-dichlorodiphenyldichloroethylene (DDE) and pp'-dichlorodiphenyldichloroethane (DDD)). The study was focused on determining the dose of xenobiotics ingested with food and their accumulation in the muscle and fatty tissues, liver and brain of *Spheniscus demersus*. The African penguin, as it is commonly known, is a medium-sized bird of about 45--68 cm in height, weighing about 3 kg. In the wild, it lives between 10 and 27 years and procreates only once a year (Whittington et al. [@CR36]). In its natural environment, it can be found in the ecosystem of Bengal, where it feeds on pelagic fish as well as squid and shellfish (Crawford et al. [@CR6]; Pearce [@CR22]). Penguins in the Gdansk Zoo receive one type of food---herring (*Clupea herengus*) caught in the South Baltic region.

This unique type of experimental research can only be carried out in a zoo, where it is possible to fully control the food supply and behaviour of an entire bird colony. Additional studies were performed into guano, feathers and eggs, with which mercury and organochlorine pesticides are eliminated from the bird's system. This biological transportation passes pollutants directly to offspring in the earliest phases of life or else to the biotope of the coastal zone of the sea. The latter is secondary environmental contamination.

Materials and Methods {#Sec2}
=====================

Sampling {#Sec3}
--------

Out of the total mass of herring periodically delivered to the zoo, three or four whole fish were selected at random in order to determine total mercury and organochlorine pesticide concentrations. This was repeated every month from December 2009 to February 2011. Among the selected 42 fish, there were both small specimens with a wet weight as little as 11.26 g and large ones weighing up to 247.01 g. In the laboratory, the fish were weighed whole, subjected firstly to homogenisation and then to lyophylisation, after which the material was homogenised again. Mercury quantification was performed for all the fish, while organochlorine pesticide quantification was conducted for nine of them.

Guano was collected from the *Spheniscus demersus* run in the zoo, in which individual samples for mercury quantification were collected from a teflon mat onto fiberglass filters. Mercury quantification was carried out for 94 samples. One sample for the determination of persistent organic pollutants (POPs) contained guano from several specimens, accumulated on the teflon mat. Collective samples (*n* = 3) were put into teflon containers using teflon spoons.

Unhatched penguin eggs came from two breeding seasons: autumn 2009 and spring 2010. In the laboratory, the eggs were washed with distilled water, and where possible, the albumen and the yolk were separated. Two eggs contained embryos. The determination of organochlorine compounds was performed on three whole eggs and three sets of separated albumens and yolks. Total mercury quantification was carried out for 22 samples.

Penguin covert feathers were collected from live birds, always from the chest area. Three kinds of feathers were also collected from a dead female penguin: down feathers, covert feathers and scale-like feathers. In the laboratory, the feathers were cleaned in a 50 % acetone bath, placed in an ultrasonic bath for 30 min and then rinsed three times in redistilled water. The feathers were dried for 24 h at room temperature. The muscle, liver, fatty tissue and brain tissue samples were obtained from dead birds through dissection. The cause of death was not investigated.

The biological material, fish, tissues and internal organs, was first homogenised and then lyophilised. In order to determine moisture, the material was weighed before and after lyophilisation. The average moisture content was found to be 69.99 ± 2.57 % in penguin muscles, 72.42 ± 3.1 % in the liver, 79.01 ± 0.6 % in the brain, 74 ± 3.7 % in whole eggs, 83.57 ± 4.3 % in egg albumens and 54.23 ± 2.7 % in the yolks.

Reagents and Standards {#Sec4}
----------------------

To determine POPs, standard organochlorine compound material was used. The material, supplied by AccuStandard, was over 99 % pure (GC area ≥ 99.8 %). The extraction solvents, n-hexane, acetone and n-tetradecane, also with a minimum purity of 99 % (GC area ≥ 99 %) for the chromatographic analysis, were supplied by Merck. In the procedure, the following were used: sulphuric acid (min. 95 %) and nitric acid (65 %), both ultra-analytically pure, from POCH and SPE columns with Thermo Scientific HyperSep type C18 cartridges, rounded cellulose extraction thimbles from Whatman. Also, technical gases from Linde were used: 99.995 % pure oxygen and helium, and 99.994 % pure nitrogen.

Quality Control {#Sec5}
---------------

In laboratory work, the following were used: teflon containers for the tissue homogeniser, petri dishes for lyophilising eggs and spoons for guano sampling, all etched in 65 % HNO~3~. The nickel boats for the mercury analyser's feeder were heated at a temperature of 850 °C before an analysis sample was weighed out.

The accuracy of the total mercury quantification method was identified on the basis of an analysis of certified reference materials (BCR414 and BCR463), for which variable repeats were 5 % and expanded uncertainty (RSD) was 1 %. The quantitation limit (MQL) obtained was 0.075 ng g^-1^ dw.

When analysing persistent organic pollutants, vessels and containers which came into contact with the samples were thoroughly washed and heated at 150 °C for 12 h (El-Mekkawi et al. [@CR9]). The analytical method used made it possible to recover between 87.4 and 96.3 % of the substance. The expanded uncertainties (RSD) were from 1.1 % (for pp'-DDE) to 9.8 % (for isodrin). The quantitation limit (MQL) for the studied compounds was between 1 and 4 pg cm^-3^.

Sample Preparation and Extraction {#Sec6}
---------------------------------

The following amounts were prepared for mercury analysis from the biological material: liver---0.01 g; fish and other penguin tissues, organs and eggs---0.1 g; feathers---0.02 g. Guano was quantified together with the filter.

POPs were extracted from lyophilised biological material with a minimum weight of 1 g. Extracts were prepared under the Soxhlet method using a mixture of n-hexane and acetone at a ratio of 1:1. The extraction solvent was enriched with n-tetradecane as a keeper whose role was to keep the more volatile pesticides in the extract. The obtained extract was then concentrated and cleaned up with concentrated H~2~SO~4~ reaction in order to remove fats and further purified using the SPE method with C18 cartridges (Falandysz et al. [@CR13]). The whole analytical procedure is shown in a diagram (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Diagram on whole analytical procedure

Determination {#Sec7}
-------------

Total mercury quantification was carried out using atomic absorption spectroscopy in an AMA-254 mercury analyser with a wavelength of 253.65 nm. Oxygen was employed as the carrier gas, as well as an oxidant, and background verification consisted of subjecting a clean, empty boat to the same procedure. The quantification of each sample was repeated three times.

Organochlorine compound concentrations were determined using a gas chromatograph equipped with an electron capture detector ^63^Ni (GC-ECD, Varian 450-GC). Separation was carried out on a Varian capillary column of fused silica (50 m long, film thickness of 0.25 μm, external diameter of 0.53 mm and internal diameter of 0.70 mm), with helium used as the carrier gas (flow speed of 5 cm^3^ min^-1^). The detector's temperature was set to 300 °C using a temperature programme presented by Vorkamp et al. ([@CR34]) but with a modified injection temperature of 250 °C. The lipid content in the tissues was determined using the gravimetric method after Soxhlet method extraction.

Results {#Sec8}
=======

Mercury and Pesticides in the Herring of the Southern Baltic {#Sec9}
------------------------------------------------------------

In whole herring (*Clupea harengu*s) (*n* = 42), constituting the penguins' sole source of food, concentrations of total mercury occurred within the range of 7.35 to 69.28 ng g^-1^ sm. As mercury concentration in fish depends among other factors on the size (age) of the specimens, it was calculated that the smallest whole fish contained 36.47 ng of total mercury, while the largest fish contained 4,837.02 ng. The non-parametric distribution of Hg concentrations in all the fish resulted in the use of a median (amounting to 31.81 ng g^-1^ sm) in further calculations.

The performed measurements of organochlorine pesticide concentrations in whole herring demonstrated the presence of α-endosulfan (endosulfan 1), dieldrin, endrin and methoxychlor (Fig. [2a](#Fig2){ref-type="fig"}). The following were not detected: β-endosulfan isomer, endosulfan sulphate, aldrin and isodrin. The absence of the last two pesticides could result from the fact that they are metabolised into more permanent forms: dieldrin and endrin (Falandysz et al. [@CR11]). Additionally, the residue of DDT and its metabolites were found in the herring of the Southern Baltic catch---the penguins' food (Fig. [2b](#Fig2){ref-type="fig"}).Fig. 2The median and concentration range of **a** cyclodiene pesticides and methoxychlor and **b** DDT and its metabolites, converted to lipid weight in herring (*Clupea harengus*) caught in the southern Baltic as food for African penguins (*Sphenescus demersus*) living in the Gdansk Zoo (December 2009 to February 2011). The average lipid content in herring was 10.59 ± 2.22 %

Mercury and Pesticides in the Liver, Muscle, Fatty and Brain Tissues of Penguins {#Sec10}
--------------------------------------------------------------------------------

In order to determine pesticides, three specimens were used: an 8-year-7-month-old female and two juvenile specimens of unknown sex, 6 and 7 months old. Mercury quantification was carried out on a 4-month-old specimen of unknown sex and two nestlings: one 3 and the other 16 days old ( Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Statistical characterisation of mercury concentration in the penguin guano \[ng g^-1^ sm\] collected at the run in the Gdansk Zoo between December 2010 and March 2011 (*n* number of sampling, *x* mean value, *SD* standard deviation, *Min*. minimal value, *Max*. maximal value)

The concentrations of total mercury (Table [1](#Tab1){ref-type="table"}) accumulated in the tissues and organs of penguins indicated that their system is loaded with it from the beginning of their lives, but no straightforward increase was observed with age. Among tissues and organs, the liver was characterised by the highest concentrations, whereas the fatty tissue had the lowest concentrations. A special case was the 3-day-old nestling, all of whose internal organs had the highest Hg concentrations (the only exception being the liver of the 7-month-old penguin).Table 1Total mercury concentrations \[ng g^-1^ dw\] in the tissues and organs of African penguins (*Spheniscus demersus*) of various ages from the breeding colony in the zoo in GdanskTissues/organsAge3 D^AB^16 D^AB^4 M^AB^6 M^AB^7 M^SB^8 Y 7 M^PP^Muscle1,529.38266.98668.461,361.091,162.911,088.42Liver1,703.74630.35--1,627.773,037.331,461.47Brain1,033.44164.31171.56670.52743.95509.42Fatty----8.8319.625.4313.99*D* day, *M* month, *Y* year, *AB* autumn breeding, *SB* spring breeding, *PP* probable cause of death of the female---egg stoppage in the oviduct, December 2010

The study of the organochlorine compounds indicated the presence of α-endosulfan at a level of 63.72 ng g^-1^ lw in the muscles of the female. In the liver of the female, the pesticide's concentration was over 50 % lower (37.97 ng g^-1^ lw) than in the muscles. The α-endosulfan isomer was determined also in the fatty tissues of the female and the immature specimen (6 months old), amounting to respective concentrations of 101.21 and 86.70 ng g^-1^ lw. However, in the younger specimens, the compound was found in neither the muscles nor the liver. None of the brain samples were found to contain α-endosulfan.

Dieldrin was not determined in the muscle tissue of the birds; it was found in the female's liver (166.50 ng g^-1^ lw). This insecticide was also discovered in the fatty tissue of the adult female and the juvenile specimen (6 months old) at concentration levels of 53.27 and 17.44 ng g^-1^ lw, respectively. The same two birds were found to possess dieldrin in their brains, and these were the highest concentration values determined in the studied penguin tissues and organs (the 8-year-old female, 194.35 ng g^-1^ lw; the 6-month-old specimen, 80.31 ng g^-1^ lw).

Endrin was determined in the muscles, liver and fatty tissue of the female penguin at respective levels of 73.31, 118.20 and 260.19 ng g^-1^ lw. The 6-month-old juvenile specimen possessed endrin in its liver and fatty tissue at respective levels of 41.72 and 24.28 ng g^-1^ lw. Among the studied cyclodiene pesticides, endrin was the only one to be determined in the brain of each examined bird; in the 8-year-old female, it was at a level of 972.20 ng g^-1^ lw, while the 6- and 7-month-old specimens demonstrated 794.99 and 576.49 ng g^-1^ lw, respectively. β-Endosulfan isomer, endosulfan sulphate, isodrin, aldrin and methoxychlor were not found in any of the studied tissues and organs of penguins.

Total DDT was determined in all penguin tissues and organs (Table [2](#Tab2){ref-type="table"}), but all isomers were found only in the 8-year-old female, where the highest DDT~Total~ concentration was discovered in the liver. Similar concentrations were determined in the brain.Table 2DDT and its metabolites' concentrations \[ng g^-1^ lw\] converted to lipid weight for tissues and organs of African penguins (*Spheniscus demersus*) living in the Gdansk ZooAgeLipids \[%\]pp'-DDTpp'-DDDpp'-DDEDDT~Total~Muscle8 Y 7M10.53270.94BDL8,077.688,348.626 M14.51BDL122.051,503.921,629.977 M8.48BDL63.681,599.411,663.05Liver8 Y 7M8.691,653.85517.6122,172.1224,343.586 M9.74BDL122.281,709.241,831.527 M10.364.73BDL1,641.121,645.85Fatty8 Y 7M93.12125.70BDL1,915.292,040.996 M91.2121.05BDL1,149.671,170.727 M97.61BDLBDL689.99689.99Brain8 Y 7M22.273,625.55566.374,308.988,500.906 M17.794,065.59BDL1,590.335,673.717 M19.48BDLBDL637.94637.94*BDL* below detection limit

Mercury and Pesticides in Guano, Eggs and Feathers {#Sec11}
--------------------------------------------------

In the guano collected at random from a run inhabited by 70 penguins, the mean total mercury concentration amounted to 139.18 ng g^-1^ dw (RSD = 24 %), while the spread of Hg concentrations spanned from 4.6 to 604.4 ng g^-1^ dw. The randomly selected fresh samples were composed of the faeces of specimens of different ages, sexes and conditions (Fig. [2](#Fig2){ref-type="fig"}). There are no grounds to claim that the changes of Hg concentrations in penguin guano were seasonal. Similarly, no substantial statistical correlation was found between the mercury concentrations determined in the guano and the herring, randomly selected from the total amount intended as food for the penguins.

Additional research involving both live and dead birds made it possible to attribute total mercury concentrations in the guano to specimens of a certain age (Table [3](#Tab3){ref-type="table"}). The obtained results showed that a 3-day-old nestling excreted guano with the highest total mercury concentration, compared to other specimens. Nonetheless, in the guano collected at the run from unidentified specimens, 6 out of 84 samples were found to contain similar mercury concentrations to that of the 3-day-old nestling.Table 3Mercury concentration in the guano collected during the dissection of dead birds or while taking blood samples from live birds in the Gdansk Zoo, during the period December 2009 to February 2011Hg \[ng g^-1^\] dwAge478.43 D25.424 M50.686 M241.822 Y295.072 Y264.754 Y267.564 Y104.494 Y141.7211 Y 4M159.8211 Y 4M*D* day, *M* mouth, *Y* year

In 22 eggs, coming from two breeding seasons, total mercury concentration was determined as a joint total of the values in the albumen and in the yolk. However, the two were separated when possible (Table [4](#Tab4){ref-type="table"}).Table 4The characterisation of mercury concentrations in ungerminated and unhatched penguin eggs \[μg g^-1^ dw\] from the autumn 2009 and spring 2010 breeding seasons in the Gdansk Zoo (excluding shells and membranes)Autumn 2009Spring 2010NoWeight egg \[g ww\] albumen/yolk\[Hg\] albumen/yolkA/Y ratioΣ \[Hg\] albumen + yolkNoWeight \[g ww\] albumen/yolk\[Hg\] albumen/yolkA/Y ratioΣ \[Hg\] albumen + Yolk167.14----1.03175.66----0.93221.62----0.44265.66----1.08359.89----0.75350.50----0.96459.09----0.59468.32----1.42547.50----0.33556.76----1.51678.76----1.33683.43----1.35762.35/27.200.65/0.0610.030.72777.84----1.16836.59/20.820.56/0.0610.010.62841.39/32.710.71/0.292,431.00950.98/27.500.82/0.099.010.91943.91/20.880.68/0.135.440.811099.65/31.36^a^6.46/0.3319.466.791034.02/36.80.76/0.411.631.17117.17^b^0.931280.00^b^1.20A/Y concentration ratio of Hg in albumen to yolk. ^a^Unusual colour of the egg suggesting pathology of the egg (result excluded from the discussion). ^b^Embryo

Hg concentrations in eggs originating from the spring breeding season were over twice as high as those in eggs from the autumn. Mercury concentration increase in whole eggs occurred mostly due to its increase in the yolks. The A/Y ratio in eggs in the spring breeding season was several times smaller than in the autumn. Where separation was possible, Hg concentrations in the albumen were nearly ten times higher than those of the yolk in the normally coloured eggs from the autumn breeding season (eggs no. 7, 8 and 9), while in the spring, the A/Y ratio was smaller. Additionally, an increase in the yolk weight was to be observed, and in an extreme case (egg no. 10 from the spring breeding season), the yolk weight exceeded the albumen weight.

Total mercury concentrations in various penguin feathers were characterised by relatively high variability, ranging from 157.84 to 4899.47 ng g^-1^. The distribution of Hg concentrations was non-parametric. On the basis of all 77 results, the mean concentration value was determined to be at a level of 2,019.30 ng g^-1^ (RSD = 279 %), while the median amounted to 1,850.65 ng g^-1^.

The results showed that mercury concentration in penguin covert feathers depended on the age of the birds (Fig. [4](#Fig4){ref-type="fig"}). In juvenile specimens under 1 year old, mercury concentration in feathers ranged slightly but was two times lower when compared with adults, amounting to 775 ngHg g^-1^ (RSD = 130 %). Among the adult specimens, two sets could be distinguished: the first had a small range of concentrations with a mean value of 1,932 ngHg g^-1^ (RSD = 176 %), and the other (marked with the oval) had over twice as high Hg concentrations, suggesting probable physiological/pathological changes in the 8-year-old female. In the three types of feathers taken from the female, total mercury concentrations were determined in the down (4,624 ngHg g^-1^ (RSD = 291 %)), covert feathers (3,985 ngHg g^-1^ (RSD = 357 %)) and scale-like feathers (3,725 ngHg g^-1^ (RSD = 265 %)), and the changes between them were statistically significant (*p* \< 0.05). This probably resulted from the fact that different feathers were formed at different times and took longer or shorter to grow.Fig. 4The relationship between total mercury concentrations in feathers and the age of the penguins from Gdansk Zoo (2009--2011)

The pesticides which were not present in the penguins' food (aldrin, isodrin, β-endosulfan isomer and endosulfan sulphate) were also found to be absent in the penguins' internal tissues, eggs, feathers and guano (Table [5](#Tab5){ref-type="table"}). However, all the pesticides present in the food were discovered in the yolk.Table 5Organochlorine hydrocarbons in African penguin (*Spheniscus demersus*) guano, feathers \[ng g^-1^ dw\] and eggs \[ng g^-1^ lw\]. The bases of feather and guano analyses were collective samplesCompoundsFeathers (*n* = 1)Guano (*n* = 3)EggsAlbumen (*n* = 3)Yolk (*n* = 3)Whole egg^a^ (*n* = 3)Lipids (%)----0.5456.2043.21α-Endosulfan16.221.510.448.4715.97Dieldrin49.1721.93BDL20.7123.56EndrinBDL0.740.418.5010.50Methoxychlor91.25BDL0.283.4642.45pp'-DDT27.2616.420.373.108.33DDDBDL3.260.340.672.78DDE93.95121.89183.606,291.599,416.67DDT~Total~121.21141.49183.866,295.149,429.93*BDL* below detection limit, *n* number of samples. ^a^Excluding shell and membrane

Discussion {#Sec12}
==========

Penguins' Diet {#Sec13}
--------------

The sole food of the penguins living in the Gdansk Zoo is herring caught in the Southern Baltic. The relevant literature from the end of the previous century, as well as more recently, suggests that there is a constant downward trend in terms of xenobiotic concentration in fish (HELCOM [@CR16]).

Earlier studies of herring (*Clupea harengus*) from the Gulf of Gdansk proved the occurrence of dieldrin at a level of 70 ng g^-1^ lw (Falandysz et al. [@CR11]). After over 10 years, the results of pesticide concentration in herring from the same region showed that the median of dieldrin concentration was about three times smaller (Fig. [1](#Fig1){ref-type="fig"}). Moreover, the present studies have shown a relationship between DDT~Total~ in fish and the size (age) of the specimens. In the smallest fish, DDT~Total~ concentration amounted to 325.12 ng g^-1^ lw, and in the largest 1,352.22 ng g^-1^ lw (Fig. [1](#Fig1){ref-type="fig"}). Earlier studies by Pikkarainen ([@CR23]) also indicated an increase in DDT concentration with age.

A similar tendency was demonstrated by the results of studies carried out in the previous decade on mercury concentration in herring caught in the Southern Baltic. They proved a decrease in Hg concentration in tissues and organs (Usydus et al. [@CR33]; HELCOM [@CR16]). Among commercially caught fish, the Baltic herring was characterised by the lowest Hg concentrations in tissues and internal organs (Kwaśniak et al. [@CR18]).

The average daily intake of food per penguin is about 0.5 kg of whole herring. Taking into account the mean xenobiotic concentration determined in the fish (3.1), it was possible to estimate a diurnal dose of pesticides and mercury introduced to the system through the food (Table [6](#Tab6){ref-type="table"}). The highest doses of pesticides introduced with the food were those of DDT. With mercury, the daily dose ranged from 1 to 10 μg. Within this dose, the most toxic form, methylmercury, which is the easiest to absorb while digesting food, had the highest proportion (Wiener et al. [@CR35]; Kwaśniak et al. [@CR18]). It is worth pointing out here that even during the first day of their lives, penguin nestlings are fed with herring which has been pre-digested by their parents.Table 6Estimation of organochlorine compounds and mercury dose on day \[μg day^-1^\] supplied to penguins with 0.5 kg foodCompoundsMean doseα-Endosulfan1.8Dieldrin0.8Endrin1.4Methoxychlor5.3pp'-DDT4.3pp'-DDD1.8pp'-DDE23.4DDT~Total~27.5Hg~Total~4.6

It follows from the estimation that every year, up to 10 mg of total DDT and just under 2 mg of Hg can be supplied to the system of the consumer. However, the range of xenobiotic concentration results may be quite extensive as the meal of a penguin, depending on the size of the fish, may consist of several relatively large fish or over 40 smaller ones. Moreover, specimens up to 2 months old receive less food than all other penguins. The differences in the volume of consumption can also be determined by gender, breeding time or molting (Burger and Gochfeld [@CR5]; Braune [@CR4]).

Mercury and Pesticide Accumulation {#Sec14}
----------------------------------

Organic mercury---methylmercury---penetrates into a penguin's organs through the digestive system. It is absorbed by the intestinal walls and transported with blood to all tissues and deposited in various cells (Wiener et al. [@CR35]; Braune [@CR4]).

The studies on the accumulation of mercury and organochlorine pesticides were primarily concerned with muscle tissue, fatty tissue and the brain, although the scope of the study was later expanded to include the liver, which has the capacity to store, redistribute, detoxicate and transform. The concentrations of both mercury and most of the analysed pesticides were higher in penguins' livers than in their muscles, which demonstrated the level of storage and indicated prolonged exposure to xenobiotics. In piscivorous birds, the level of Hg concentration in the liver can reflect the result of the degradation of recent meals containing protein, where MeHg bonds with. The liver can thus be a useful indicator of alimentary exposure (Bond and Diamond [@CR2], [@CR3]).

There are two main factors which determine xenobiotic concentration in birds: diet and age. The penguins from the Gdansk Zoo, compared with other aquatic birds, have a very uniform diet consisting solely of the Baltic herring. This is why the mercury load on their systems has to be considered moderately high (Table [1](#Tab1){ref-type="table"}) when compared with adult specimens of *Larus argentatus* and *Larus marinus* from the South Baltic region and *Larus argentatus* from Siberia, whose diets contain large proportions of sea fish (Kim et al. [@CR17]; Szumiło et al. [@CR32]). The Hg~Total~ concentration results obtained by Schwarzbach et al. ([@CR29]) in the muscles and liver of gulls feeding solely on sea fish in the San Francisco Bay were by an order of magnitude higher than in penguins, suggesting a sublethal effect of mercury on adult birds.

Previous studies of birds of prey over the Baltics (in the 1990s) showed that concentrations of DDT~Total~ in the chest muscles of the white-tailed eagle (*Haliaeetus albicilla*) ranged from 3.1 to 4,700 ng g^-1^ lw. Endrin was not determined at that time (Falandysz et al. [@CR12]). In 2000, the presence of DDE at a level of 12,900 ng g^-1^ lw was found in the muscles of the Baltic guillemot (*Uria aalge*) (Lundstedt-Enkel et al. [@CR19]). However, studies into fish-eating birds in the Southern Baltic region in recent years have proved a decrease in total DDT concentration in their tissues and organs. This was confirmed by studies of the muscles of *Larus fuscus* nestlings in the Gulf of Finland and the Gulf of Bothnia. DDT~Total~ concentrations in 1980 were determined to be as high as 833 ng g^-1^ lw, while in 2000, the maximal concentrations ranged between 117.6 and 212.8 ng g^-1^ lw, depending on the region (Hario and Nuutinen [@CR15]). The present studies confirm the drop in DDT and its metabolites' concentration in herring (i.e. the penguins' food), but do not prove that xenobiotic concentrations are decreasing in the penguins' own systems. Constant administration of food containing even small doses of toxic substances results in their biomagnification and has adverse effects on prolonged exposure. It is worth stressing that the accumulation of organochlorine compounds depends on the fat content in tissues, while the accumulation of mercury depends on an increase in the binding sites in the protein fraction, as was discovered in fish (Nakao et al. [@CR21]). Herring, belonging to the group of pelagic planktivorous fish, have the lowest total mercury concentrations among the fish commercially caught in the Southern Baltic. This results from a high concentration of lipids in these fish and may serve as an explanation as to why the accumulation of lipophilic pesticides in the fish constituting penguin food (Table [1](#Tab1){ref-type="table"}) is more effective than mercury accumulation (Table [2](#Tab2){ref-type="table"}).

Information found in literature indicates that the level of mercury and organochlorine pesticides in the tissue and organs of aquatic birds can be related to their age (Donaldson et al. [@CR7]). In two penguins under 1 year old, the concentrations of DDT and its metabolites in the liver, muscles, fat and brain were clearly lower than in the samples collected from the 8-year-old female. The 6-month-old specimen was an exception, as its brain contained a higher pp'-DDT concentration than the brains of the other penguins. At each stage of life, the concentrations of endrin, diendrin and pp'-DDT isomer were found to be higher in the liver than in the muscles. These results confirm that the accumulation of xenobiotics in the liver increases with age, when detoxification is slow during chronic alimentary exposure, as suggested by Donaldson et al. ([@CR7]).

Methylmercury, released in the alimentary canal during digestion, penetrates the intestinal membranes by means of active transportation and, forming a complex with L-cystein, crosses the blood--brain barrier. The brain is the destination organ for mercury and organochlorine pesticide accumulation, especially DDT and its metabolites (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). The 3-day-old nestling's brain had a total mercury concentration six times higher than the 16-day-old nestling and twice as high as the 8-year-old female. Similar observations were made in the Gulf of Gdansk in 2010. An unhatched *Larus argentatus* nestling from the spring breeding season had in its brain, seven times higher mercury concentration than in the older nestlings (a dozen or so days old) that had fallen out of their nest (unpublished results). The drastic drop observed in mercury concentration in each internal organ in the 16-day-old nestling, when compared with the 3-day-old one, may result from a rapid removal of mercury from the system with guano (Table [3](#Tab3){ref-type="table"}) and in the formation of feathers (Fig. [4](#Fig4){ref-type="fig"}). The death of the 3-day-old nestling, however, may signify that the level of physiological detoxification from mercury had been exceeded.

Detoxification {#Sec15}
--------------

Birds are well known to be biomonitors of environmental pollution, and their eggs, feathers and guano constitute valuable research material, collected from the environment in a non-invasive way. Published over 40 years ago, the study results of Porter and Wiemeyer ([@CR25]) proved the negative effect of dieldrin and DDT and its metabolites on bird reproductive success by diminishing the thickness of eggshells and the weight of eggs. The threats related to high xenobiotic concentrations in birds' food include disorders in embryo development, embryo mortality and increased number of ungerminated eggs, as well as behavioural anomalies and infertility in adult specimens (Burger and Gochfeld [@CR5]; Mineau [@CR20]; Schwarzbach et al. [@CR29]; Braune [@CR4]).

### Guano---Xenobiotic Elimination over a Short Period of Time {#Sec16}

The considerable range in the total mercury concentrations which characterised penguin food was found also in the guano. Excretion is a form of detoxification which applies mostly to non-organic mercury. Environmental studies have confirmed a wide range of mercury concentrations in the guano of several different species of penguin, with the results reaching up to 400 ng g^-1^ dw. (Yin et al. [@CR37]). However, in the gull guano collected on the beaches of the Gulf of Gdansk (Southern Baltic), the range of mercury concentrations was determined to be between 0.07 and 2,100 ng g^-1^, with the highest concentrations occurring along the Hel Peninsula, which hosts colonies of birds feeding on fish and the insides of fish gutted directly on fishing boats returning to several small fishing harbours after the catch (Falkowska et al. [@CR14]). Despite the fact that a relationship between the xenobiotic concentration in the diet and in the guano would seem obvious, no statistically significant relationship was found between mercury concentrations in the randomly selected fish (i.e. the food) and in the guano of the penguins from the zoo.

The guano obtained during the dissection of the 3-day-old nestling confirmed the mercury infection discovered in its system (Sect. 3.2). At the beginning of its life, the hatched nestling was excreting mercury received during its embryonic growth and from the food provided by its parents from as early as the first day after hatching. The nestling's guano was found to contain one of the highest mercury concentrations that were determined in the material collected from the run and the highest in the material collected directly from any specimen, alive or dead (Table [6](#Tab6){ref-type="table"}). It's death was therefore the result of development disorders caused by high mercury concentrations and conceivably other xenobiotics.

### Eggs---Xenobiotic Elimination Twice a Year {#Sec17}

On the basis of the examinations of penguin eggs from the zoo, the presence of dieldrin, endrin and α-endosulfan isomer was confirmed. The presence of relatively durable dieldrin and endrin compounds and the absence of aldrin and isodrin could have resulted from metabolic changes which had occurred in the female (Table [5](#Tab5){ref-type="table"}). Dieldrin concentration values in penguin eggs were over 70 times higher than its concentrations detected 15 years before in the eggs of the white-tailed eagle (*Haliaeetus albicilla*) (Falandysz et al. [@CR12]), although the eagle's diet changes throughout the year; in winter, it often feeds on animal carcasses, while at other times, aquatic birds and fish form the main food sources. The penguin, however, follows the same diet all year round---the Baltic herring. Thus, the differences in the pesticide concentrations in eggs could have resulted from the differences between the diets of wild birds and birds kept in the zoo. The more diverse diet of the white-tailed eagle inhabiting the northwest coast of the Baltics, as compared to that of penguins from the zoo (Table [5](#Tab5){ref-type="table"}), could therefore have affected the DDT~Total~ concentrations (270 ng g^-1^ lw) in the eggs (Falandysz et al. [@CR12]). DDT and its metabolites occurred in whole eggs, as well as in the albumens and yolks of the penguins' eggs. Higher concentrations of DDT and its metabolites were found in the yolk due to its affinity with lipids. In the eggs of the wild specimens of the guillemot (*Uria aalge*), which feed on sea fish, the concentrations of DDT and its metabolites were found to be an order of magnitude higher (Lundstedt-Enkel et al. [@CR19]) than in the zoo penguins. Concentration results obtained 10 years ago by Lundstedt-Enkel in comparison with those of the present study may suggest a downward trend in pesticide content, both in the fish of the Baltics and the guillemot (*Uria aalge*).

The deposition of mercury into the forming egg influences changes in mercury and pesticide content in the systems of female birds. A female penguin in the zoo usually lays eggs twice a year, one or two eggs at a time, though in special cases it can be as many as three. On the basis of the results, it can be said that while laying eggs, she removes from her system between 5.1 and 17.8 μg Hg into one egg and that this may result in the removal of no more than 5 % of the mercury absorbed with food if four eggs are laid per year. The transfer of organochlorine pesticides into four eggs a year may eliminate a portion of toxins in the range of 4.9--19.3 %. This does not constitute a high share in the detoxification process, but the aspect related to removing toxins (mercury, cyclodiene pesticides and insecticides) into the egg appears to have a considerable effect on the breeding success of the penguins. The load of mercury, for example, which is introduced into the egg is extremely toxic for the embryo, and its volume can determine whether or not the egg hatches. According to Burger and Gochfeld ([@CR5]), failure to hatch can occur at a concentration level of 1.5 μgHg g^-1^ dw in the egg. Schwarzbach et al. ([@CR29]) determined the mercury concentration value of 1.0 μg g^-1^ ww in the egg as the limit value for hatching. Braune ([@CR4]), based on literature analysis, quoted the Hg concentration between 0.5 and 2 μg g^-1^ ww as being sufficient to cause disorders in reproductive success. In the penguins' eggs (Table [4](#Tab4){ref-type="table"}), there was only one case where Hg concentration was higher than 1 μg g^-1^ ww, while in four eggs, the concentrations were within the limits of 0.5--1.0 μg g^-1^ ww. It can be concluded therefore that ungerminated eggs and failures to hatch may be consequent upon increased mercury concentrations. As follows from a report by Schwarzbach et al. ([@CR29]), due to a high concentration of the metal passed from the female (especially during the first phase of embryo development), the hatched nestling is susceptible to the lethal effect of mercury. It ought to be stressed that the same eggs were found to contain other xenobiotics: HCBz, PCBz, TCBz and γ-HCH (Reindl et al. [@CR26]).

According to the information provided by the penguin keepers, the penguins' breeding success has remained at a level of 15 % since 2007 and has been higher than before since vitamins have been included in the birds' diet (A, D3, E, C, B1, B12, D-pantothenate, ferrous fumarate, inositol, folic acid, choline bitartrate, kelp and biotin). Nonetheless, the average lifespan of the penguins from the zoo is a half shorter than those living in the wild.

On the basis of mercury concentrations found in the eggs of seven different marine bird species, Bond and Diamond ([@CR2]) determined concentration values which were ten times higher in the albumen than in the yolk. As mercury binds with the sulphhydryl groups of proteins, owing to its affinity with sulphur, most mercury can be found in the albumen. The proportions A/Y ≈ 10 were determined in normally coloured eggs from the autumn breeding season where the yolk and the albumen could be separated (eggs no. 7, 8 and 9), while deviations occurred in the spring breeding season, and the A/Y ratio was found to be several-fold smaller. The fact that mercury concentrations in the spring eggs were twice as high as in the autumn eggs could not have resulted from the penguins' diet, and therefore, other possible causes ought to be pointed out.

A female which in spring lays eggs that fail to hatch reattempts after half a year, in autumn. This is the second time she has cleansed her system of xenobiotics, and autumn eggs are characterised by lower mercury concentrations. However, the relationship does not result directly from the second detoxification and mercury deposition into the laid eggs, but more from the fact that penguins enter the molting season between the two breeding seasons.

### Feathers---Xenobiotic Elimination Once a Year {#Sec18}

The detoxification of birds from xenobiotics via feathers takes place through molting, when birds simultaneously shed old feathers and grow new ones.

It is stated in literature that age has no relation to mercury concentrations in the feathers of fully grown birds and that Hg is higher in adult specimens than in nestlings. Similar conclusions seem to result from the study of penguin feathers (Fig. [4](#Fig4){ref-type="fig"}). This results from the fact that in fully grown birds, MeHg accumulated in tissues and organs in the periods between moltings is carried by the blood into the feathers. The mercury in the feathers of nestlings, however, comes from the egg and soft tissues accumulating mercury in a shorter time, equivalent to the length of their lives so far, which is under 1 year.

The highest concentrations of mercury, determined in the feathers of the 8-year-old female, are a special case (Fig. [4](#Fig4){ref-type="fig"}). A probable explanation of the result is the fact that certain birds can control mercury accumulation in their organism, not only by excretion through molting but also by demethylation metabolism (Kim et al. [@CR17]). This hypothesis may be extended to penguins, showing that the ability to demethylate organic mercury in their liver depends on the age and condition. Juvenile specimens with high demethylation can protect themselves from methylmercury better than adult ones; they have a better ability to transform MeHg into the inorganic form, which is why its proportion in the total mercury concentration (Hg~Total~=MeHg+Hg^2+^) in their livers is higher than in adults. They also appear to have a slower molting potential. Poor demethylation ability in adult specimens results in excretion of methylmercury in the alternative way, through molting. This would explain the special case of the 8-year-old female that died during the second breeding season in 2009 (December). In her feathers, the Hg concentration was almost five times higher than in other living adult specimens. The adverse effect of mercury load in the liver should be linked with a reduction in metallothionein and glutathione concentrations. These proteins bind inorganic mercury after demethylation and expel it from the liver, but glutathione as an antioxidant is needed for free radical neutralisation and organochlorine pesticide detoxification. Reduced glutathione is synthesised in cells in the presence of vitamin C, but its levels in the liver are gradually reduced with age (Rooney [@CR27]). A low blood glutathione level indicates problems that the system is having with the removal of free radicals, which damage cells in the brain and other organs. When the glutathione level is not appropriate, cell apoptosis takes place. It seems that the range of mercury concentrations in feathers, considered by Burger and Gochfeld ([@CR5]) to have adverse effects including impaired reproduction (5--40 μg g^-1^), may have been confirmed by environmental studies. The 8-year-old female from the zoo probably died as a result of egg stoppage in the oviduct, with mercury concentration approaching the critical value in the down (4.6 ± 0.2 μg g^-1^) and in covert feathers (4.0 ± 0.3 μg g^-1^).

Thus, within one species on the same trophic level, feathers can be an indicator of demethylation effectiveness and of general condition. Further studies are needed, however, to test the proposed hypothesis. Bond and Diamond ([@CR3]) pointed out the necessity of such studies in their paper.

Xenobiotic Bioaccumulation in the Tissues and Organs of Penguins {#Sec19}
----------------------------------------------------------------

The degree of vulnerability to xenobiotics varies among different bird species, but researchers agree that mercury and pesticides can result in premature death, reduce hatching and diminish the chances of survival at each stage of development (Burger and Gochfeld [@CR5]; Spalding et al. [@CR30]; Wiener et al. [@CR35]; Mineau [@CR20]; Schwarzbach et al. [@CR29]). The material collected in the zoo enabled an estimation of the factors of mercury and pesticide accumulation in tissues and internal organs in relation to xenobiotic concentration in the food (Table [7](#Tab7){ref-type="table"}).Table 7Estimated BAF for organochlorine compounds and mercury in African penguin (*Spheniscus demersus*) tissues and organsCompounds8 Y 7 M6 M7 MMLBMLBMLBα-Endosulfan1.10.7--------------Dieldrin--6.88.0----3.3------Endrin1.62.621.6--0.917.7----12.8pp'-DDT2.011.926.4----29.6--0.03--pp'-DDD--10.712.72.52.5--1.3----pp'-DDE10.328.35.51.92.12.02.02.10.8Hg~Total~35.943.710.444.948.713.738.390.915.2*M* muscle tissue, *L* liver, *B* brain, *8 Y 7 M* 8 years and 7 months old, *7 M* 7 months old, *6 M* 6 months old

The bioaccumulation factors (BAF) ≥1 testify to the accumulation of xenobiotics in the muscles, liver and brain of the penguins. It appears that in penguins, the level of POP accumulation can grow with age, while for mercury, it can decrease. However, this proposition needs to be verified by further studies. It follows from calculations that most organochlorine pesticides were accumulated in the penguin's brain, and an explanation for this may be the chemical affinity of the studied organochlorine compounds with lipids (Table [2](#Tab2){ref-type="table"}). An exception was pp'-DDE which, like mercury, reached the highest BAF values in the liver. This would suggest the role of the liver in xenobiotic transformation and the subsequent distribution of xenobiotics to the muscles, brain and other organs. In the liver, methylmercury undergoes demethylation to its non-toxic form, and DDT isomer becomes depolymerised to pp'-DDE.

Summary {#Sec20}
=======

The residues of POPs and mercury are still present in many components of the environment. Their durability and ability to accumulate in the food web influence the condition of living organisms. Penguins, occupying the highest trophic level, are an indicator of the level of environmental pollution in the area they live in and from which they obtain their food. In the zoo, 36.75 μg of organochlorine pesticides and 4.6 μg of mercury (mostly in the organic form) are introduced into their systems daily. The penguins' livers can be considered the best indicators of alimentary exposure.

The brain is the destination organ for mercury accumulation and has the highest accumulation factors for dieldrin, endrin and DDT and its metabolites.

On the basis of the obtained results, it can be stated that the detoxification of a penguin's system from xenobiotics takes place through feathers, eggs and deposition in guano. During the present studies, these methods of removal concerned mercury and all of the organochlorine pesticides determined in the food, and the results of these studies showed that xenobiotics introduced with food are characterised by various levels bioaccessibility and different speeds and modes of removal from the system. Xenobiotic elimination with guano takes place several times a day and covers only a small fraction of their content in food. However, it is the quickest route of xenobiotic removal from the system and, at the same time, of their reintroduction into the circulation in zones of land-water contact.

Shedding old feathers and forming new plumage are considered the most effective way of eliminating toxic substances from the system. In all feathers, the concentrations of mercury, dieldrin and methoxychlor were considerably higher than concentrations in other tissues. Other insecticides, such as DDT~Total~ and its metabolites, were removed more effectively through deposition in eggs. During this process, a female, laying four eggs per year, can expel up to 20 % of the insecticides introduced with food, but only up to 5 % of mercury.

Chronic loading of the system with xenobiotics results in relatively low breeding success of the flock (15 %) and significant nestling mortality. The fact that a nestling lives for no more than a dozen or so days may indicate that the limit of physiological detoxification has been exceeded.

There are no accounts of lethal effects of these pollutants in the Baltic Sea. Most effects are subtle, often difficult to detect, but even if they have little influence on individuals, on chronic exposure, they can result in disorders which reduce the survival rate.
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